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ABSTRACT 

Optically  pumped  gas  cell  frequency  standards  have  been  developed 
with  long-term  and  short-term  stabilities  of  one  part  in  10     „      The 
hyperfine  transition  frequency  upon  which  the  frequency  standard  is 
based  is  affected  by  certain  factors  which  tend  to  shift  the  frequency,, 
The  effects  of  buffer  gas  pressure  and  temperature  upon  the  hyperfine 
frequency  of  K-"  were   measured  and  recorded,,      The  use  of  wall-coated 
absorption  cells  is  discussed.      The  effect  of  the   ambient  magnetic   field 
strength  upon  the  hyperfine  frequency  was  noted  and  the   zero  field  hyper- 
fine  frequency  for  K^  was  determined  to  be  I46I,   719*  685  +     35  cps„ 
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1.      Introduction 

1-1.      Frequency  Stability  Problem. 

The  development  of  many  electronics  systems  of  vital  interest 
to  the  armed  forces  have  been  hampered  by  the  non-availability  of  ex- 
tremely stable  frequency  sources.     MTI  radar,   navigation  aids?  and 
single  sideband  radio  communications  have  a  common  requirement  for  pre 
cise  frequency  generation.     A  radio  communication  network  utilizing 
oscillators  so  stable  that  negligible  frequency  drift  would  occur  over 
extendea  periods  of  radio  silence  has  immediate  applications,,     The  pro- 
gress of  electronic  developments  will  have  the  effect  of  making  the  re- 
quirements  for  frequency  stability  more  pressing  and  more  stringentc 

Among  the  developments  in  the  expanding  field  of  quantum  ele 
ronics  is  the   optically  pumped  gas  cell  frequency  standard,,      This  gas 
cell   "clock"  affords  promise  of  the  ultimate   in  frequency  stability 
and  deserves   careful  consideration. 

The  atomic  transition  which  is  the   basis  of  the  gas  cell  fre- 
quency standard  is  affected  by  factors  which  tend  to   "pull"  the  fre- 
quency.     Certain  factors  also  tend  to  broaden  the  line  width  of  the 
signal  or  lower  the  Q  of  the  system.      This  thesis  is  a  systematic 

study  of  the  above  factors  as  applied  to  a  system  utilizing  the  most 

-59 
common  isotope    of  potassium,  Kr    .     Although  similar   studies  of  this 

type  have  been  conducted  using  Cs133  tV  tV ,   Rb87  ^V  f   and  ifa23  /t/ , 

39 
this  study  of  K       is  original.      The  theories   involved  are   applicable 

to  all  alkali  metal  vapors. 


1  - 2 .      inscription  of  an  Optically  dumped  Gas   Cell  Frequency  Standard . 
A  gas   cell  frequency  standard  utilizes   the   magnetic   dipole    transit- 
ions  in  the  hyperfine  levels   of  the  ground  state   of  the  alkali  metal  atom 
as  a   frequency  reference. 

In  the  optically  pumped  system,   the  alkali  metal  atoms  are 
"pumped"   to  an  excited  state  by  the  energy  contained  in  an  incident 
light  beam.     When  the  excited  state  of  the  vapor  is   saturated^    the 
light  will  pass   through  the  cell  with   little    attenuate ont      However,   when 
the  alkali  metal  atoms  have  been  re -distributed  throughout  the  lowest 
energy  states,   the  intensity  of  the  pumping  beam  is  attenuated  because 
of  the  energy  withdrawn   from  the  beam  by  the  pumping  pro  cess „ 

The   re-distribution  of  alkali  metal  atom  energies  is   obtained 
by  radiating  the  vapor  cell  with  radio  frequency  energy  wi th  a  swept 
frequency  whose  range  includes   the  transition  frequency.     At  the  in- 
stant of  the  dip  in  intensity  of  the  light  beam  through  the   cell$  which 
is  detectable  by  use  of  a  photocell,    the   frequency  of  the   radio  fre- 
quency signal  generator  corresponds   to  the  atomic  transition  frequency. 
After  amplification,    the  signal  from  the  photocell  is  processed 
by  a  servo   system  which  extracts   the  phase   information  necessary  to 
generate  a  correction  signal  to  lock  the  radio  frequency  signal  generr t- 
or  to  the   atomic    transition   frequency. 

In  its  basic   form,    the   optically  pumped   frequency  standard 
consists  of  four  units: 

(1)  a  relatively  stable  radio   frequency  source, 

(2)  an  alkali  metal  vapor  absorption  cell  in  a 
microwave   cavity  with  associated  optics, 

(3)  a  pumping  light  source. 

(It)     a  photocell  amplifier  and   feedback  servo-loop  system, 
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The  radio  frequency  source  provides  radio  frequency  energy 
at  the  atomic    transition  frequency  with  sufficient  power   to   cause 
perturbation  of  the  pumped  energy  states.     This  power  requirement 
is  in  the  order   of  one  milliwatt.      The  oscillator  must  have   suffici- 
ent short-term  frequency  stability  to   allow  the   servo  system  to 
track  and  lock  on  the    transition  frequency. 

The  absorption  cell  contains  the   alkali  metal  vapor  plus  an 
inert  buffer  gas   to  decrease  the   mean  free  paths  of  the  alkali,  atoms 
or  a   paraffin  wall  coating.      The  alkali  metal   vapor  when  excited  by 
the  pumping  light  and  then  perturbed  by  the  radio  frequency  energy 
provides  the  desired  atomic    transition.      Alkali  metal  atoms  are 
utilized  because   their  single  valence  electron  allows  relatively 
easy  excitation.      The  buffer  gas  or  paraffin  wall  coating  decreases 
the  line  width  of  the   atomic  transition  by  decreasing  the  disorienta- 
tion effects  acting  on  the  excited  states  of  the  alkali  metal  atomft 

Necessary  conditions   for  the  desired  atomic  transition  are 
that  the  pumping  light  beam  and  the   radio  frequency  magnetic  field 
lines  in  the  cavity  be  aligned  parallel   to  the  existing  static  mag- 
netic  field.      Therefore,   the  cavity  must  be  situated  physically  so 
that  the  magnetic  field  lines  in  the  region  of  the   absorption  cell 
lie   in  the    direction  of  the    field  lines  of  the  static  or  earth's 
magnetic   field.      Also,    the  light  beam   from  the  lamp  must  pass 
through   the   cavity  and  cell  along  the   same   line.      The  cavity  should 
resonate   at  the    frequency  of  the  desired  atomic   transition  with  a 
reasonably  high   Q. 


light  source  requires   a  lamp  utilizing   the  same 
metal  vypor  as   contained  in  the  absorption   cell   to  provide  light  of 
the  wavelength  necessary  for  excitation  of  the   atoms  within  the  ab- 
sorption cell.      Because   the  lamp  is   the   most  serious   source  of 
noise  in  the   system,   its  output  should  be   carefully  controlled. 

Optics  are  used  to  increase  the   eff     i  ncy  yste 

Such  optics  may  consist  of  lenses   to  collirrate    the  pumpinj 
the  absorption  cell  or  lenses   to    focus  the  light   from  the    cell  onto  the 
photocell.      The  optical   system  may  also  include   interference  filters   ar 
circular  polarizers  to  provide  light  of  the  proper  v  ngth  end  \ 

zation  to  enhance   the   pumping  process. 
1-3.      Quantum  Theory 

The  physical  theory  relating  to  the  atomic  transition  c    '  the 
optically  pumped  gas   cell  frequency  standard  is   based  upon   the    hyper- 
fine  splitting  of  the  energy  levels;    i.e.,    the    orientation  of  the   spin 
of  the  valence   electron  of  the   alkali  metal  atom  relative  to  the   spin 
of  the  nucleus.      The  total  energy  of  the  atom  is   dependent  upon  this 
orientation.      The   two  hyperfine   levelr     of  the   ground  state  of  the 
alkali  metals  correspond  to  the    cases  where   the  electron  magnetic 
moment  is  aided  by  the  smaller  magnetic  moment  of  the   nucleus   (F  =  2) 
and  that  where    the  magnetic  moments  are  opposing    (F  -  1), 

The  Zeeman  effect  concerns  the  further  splitting  of  the  hyper- 
fine levels  under  the  influence  of  a  weak  external  magnetic  fieldc  The 
quantum  number  which  represents   the  ^eeman  sublevel,   mF,    can  take  on  any 

of  2F  +  1  values:      F,    (F  -  1),    (F  -  2),    ,   1,   0,    -1,    .  „  e  c    ,   -(F  -  2)s 

-(F  -  1),    -F.      Therefore,   the    F  =  1  hyperfine   level   is   split  into   three 
Zeeman   sublevels:      mp  =  1,   0,    -1.      The  F  =  2  level  is  split  into  five 


sublevels:      m^  =  2,   1,   0,   -1,   -2.      The  energy  level  diagram  under 
the  influi  f  a  weak  magnetic  field   is  shown  in  Fig.   1-1, 

It  should  be  noted  that  the  mp  =  0  energy  levels  lie   parallel 
to  each  oth:r.      Therefore,    trie  energy  transition  between  thes 

tes  will  be  relatively  independenl  strength  of  the  external 

field.      The   field  independence  of  this    ^        -    1,     .  ■    -  0   to  mjr  =  0, 
transition  makes   it  ideally  suited  for  a  re nee. 

■    I. he  transition,  -els  tionship  betw  cy  ana 

.  rgy   is  expressed  as: 

A    E    =    h   f 
where        A   .  -rgy  levc.  Ion 

-  Planck's  constant 
f  -  radiation  frequency 
In  the  case  of  K-",    the  hyper  fine  frequency  corresponding 
to  the    field   independent  transition  is  nominally  U61.72  Megacycles, 
1  -ii .      Optical  Pumping  Process . 

In  a  system  id.  thou  t  some  means  of  enhancement  of  the  populat- 
ion difference  of  energy  levels,    the  signal-to-noise  ra  tic   of  the  de- 
tection is  poor  because  the  amplitude  of  the  signal  is  proportional 
to  the    unbalance  of  population  of  the  energy  levels   between  which  the 
transition  occurs. 

At  microwave   frequencies,   the  unbalance   in  the  population  of 
the  energy  levels,    N^  -  No,   is  given  approximately  by: 
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N,    -  N2  h  f 


M  2  k  T 

where     N  =  total  number  of  atoms 
h  =  Planck's  constant 
k   =  3oltzrnann's   constant 
T  =  absolute  temperature 
f  =   transition  frequency 
At  normal   temperatures,   this  ratio  is   very  small   and  the  ob- 
servable effect  is  extrerely  weak.^^ 

Optical  pumping   is  used  to   increase   the   population  difference 
between  energy  levels.      The  energy  of  the  pumping  light  excites   the 
atoms   to   cause  an  abnormal  concentration  in  certain  energy  levels, 

The  light  absorption  probabilities  of  the   various  Zeeman  sub- 
states   of  the   alkali  metal  atom  are  unequal.      Also,   the  patterns  of   the 
absorption  probabilities  differ  with  different  polarizations  of  -the 
pumping  light.      The  polarization  of  the  pumping  light  restricts  the 
Zeeman  component  of  the   light  which  will  excite   the   atoms „ 

For  magnetometer  application,   circularly  polarized  light  is 
used   for    the  pumping  process.     When  using  right   circularly  polarized 
D]_  radiation,   the  absorption  probability  of  the  substate,    F  =  2, 
mp  =  +  2,    is   zero.      The   other  substrtes   have   finite    absorption  pro- 
babilities and    therefore,   may  be  excited  to  different  states.      From 
the  excited  states,   the  atoms  relax  back  into  the  lower  states  with 
the   transition  probability  of  spontaneous  emission.      The  relaxation 
process  to  the  lower  states  is  a  random  process,  but  the  pumping  pro- 
cess is  controlled  by  the  polarization  of  the  light.      The  net  result 
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is  a  concentration  in  the  F  =  2,   %,  *  +  2,   state.     The  achievement 

of  this  population  unbalance  places  the   system  in  an  emission  state.'--' 

For  frequency  standard  application,   an  unbalance  between  the 
mp  ■  0  substates  is  required  in  order   to   obtain  the  field  independent 
transition.      To  achieve  a  population  difference  between  the   two  mp  -  0 
substates,   a  difference  in  light  intensity  exciting  atoms  out  of  these 
two  levels  is  required,  because  the  absorption  probabilities  are   equal „ 
The  difference  in  intensity  in  the  pumping  light  components  is  assumed 
to  be  achieved  in  the    following  process. 

Light   incident  at  the  front  of  the  absorption  cell  is  absorbed 
and  scattered  separately  by  the  alkali  metal  atoms  in  the  two  F  levels. 
The   rate  of  attenuation  of  the  light  components  is  proportional  to  the 
number  of  Zeeman  sublevels   in  each  F  level;   i.e.,    three  and  five  for 
the  lower  and  upper  F  levels  respectively.     This  provides  the  necessary 
intensity  difference  at  the  rear  .of  the    absorption  cell  and  produces  a 
greater  population  in  the   upper  states  in  this   region.^  •* 

Therefore,    to  achieve  an  overpopulation  of  the  F  =  2,  mp  =  0$ 
substate,   unpolarized  light  is  used  where   the  field   independent  transit- 
ion is  desired. 

1-5.      Transition  Frequency  Stability. 

In  an  optically  pumped  gas  cell  frequency  standard,   the 
atomic  transition  of  concern  is   the    AF  =  1,   nv,  =  0   to  mp  -  0<,   transit- 
ion.     The  outstanding   stability  of  this   transition  when  subjected  to 
the  effects  of  electric  and  magnetic  fields,   pressure,    temperature,   etc., 
is  the  prime  asset  of  the  gas   cell  frequency  standa'td.      Standards  with 
long-term  and  short-term  stabilities   of  two  parts  in  10       have  been 
achieved./ 1/     An  equivalent  Q  of  over  3  x  10     have  been  obtained  using 
optically  pumped*  gas  cell  systems.*-^ 


The     A  F  =  1,  mp  =  0  to  m_  =  0,   transition  is   termed  the 
"field  independent"  transition  because  of  its  relative  insensitivity 
to  the  effects  of  magnetic  fields.      The   frequency  dependence  upon  the 

magnetic  field   is  given  by  the  Breit-Rabi  formula  which  is  treated  in 

39 
Appendix  I.      In  the  case  of  K     ,   this  dependence  is  expressed  as? 

f  =  f 0  +  8U77  H2   cps 
where  f     =  hyperfine  frequency  at  zero  field 
H  =  magnetic  field    in  gauss 

This  relationship  is  utilized  to  correct  the  experimental  data 
for  the  strength  of  the  ambient  magnetic  field  in  order  to  obtain  the 
zero  field  hyperfine  frequency. 

The  effect  of  diurnal  variations  in  the  strength  of  the  earth's 

39 
magnetic   field  upon  the  frequency  stability  of  a  Yr/   optically  pumped 

gas  cell  frequency  standard  would  be  negligible   because  a  field  change 
of  1085  gamma  is  required  to  produce  a  frequency  variation  of  one 
cycle.     The  diurnal  variation  is  ordinarily  in  the  range  of  10  to  UO 
gamma.     Magnetic  storm  variations  rarely  exceed  500  gamma. 

The  hyperfine  frequency  can  be  shifted  slightly  by  interaction 
of  the  alkali  metal  atoms  with  those  of  any  inert  buffer  gas  in  the  ab- 
sorption cell.      This   frequency  shift  due   to  the  pressure  of  the  buffer 
gas   is  the   subject  of  Sections   2  and  3- 

Because   the  above  frequency  shift  is  proportional   to  buffer  gas 
pressure.,  the   transition  frequency  can  be  affected  indirectly  by  variat- 
ions in  the   absorption  cell  tempera ture0      This  effect  is  discussed 
further  in  Section  5-2. 

The  transition  is  not  seriously  affected  by  electric  fields  or 
the   Stark  effect. 
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1-6 .   Transition  Line  V.'idth 

A  limitation  to  the  utility  of  the  optically  pumped  gas  cell 
frequency  standard  is  the  line  width  of  the  atomic  transition  which 
determines  the  effective  Q  of  the  system.   Because  the  width  of  the 
transition  line,  when  not  restricted,  can  be  expected  to  be  of  the 
order  of  several  hundred  kilocycles,  this  limitation  can  be  quite 
serious  when  considering  the  design  of  a  precise  frequency  standard. 

Line  broadening  is  caused  by  conditions  which  affect  the 
environment  surrounding  the  radiating  atom  or  by  interactions  which 
disrupt  the  radiating  process.   The  most  serious  factors  which  con- 
tribute to  line  broadening  are : 

(1)  collisions  of  the  alkali  metal  atoms  with  walls  of  the 
absorption  cell. 

(2)  collisions  of  one  alkali  metal  atom  with  another  alkali 
metal  atom. 

Other  line  broadening  factors  of  less  concern  listed  in  the 

order  of  the  magnitude  of  their  effect  are: 

(3)  collisions  of  alkali  atoms  with  buffer  gas  atoms. 
(L)  frequency  modulation  broadening. 

(5)  radio  frequency  power  saturation  effects ■ 

(6)  light  intensity  effects. 

(7)  Doppler  effects. 

(8)  natural  line  breadth. 

Collisions  of  alkali  metal  atoms  with  walls  of  the  absorption 
cell  constitute  the  most  serious  cause  of  line  broadening.   The  radiat- 
ion  process  of  the  alkali  metal  atom  is  terminated  in  the  collision. 
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In  a  collision  of  two   alkali  metal  atoms,  the   effects  are 
evidenced  which   cause  line   broadening.      The  first  case,  which  is 
negligible  compared  to  the  second,   is  a  dipole-dipole  interaction 
between  the  unpaired  electron  of  each  atom0      The  second  effect  is 
that  of  electron  exchange.      If  two  alkali  metal  atoms  with  oppositely 
directed  electron  spins  collide,    there  is  a  probability  of  \  that  the 
electrons  interchange  spin  orientations.      The  result  is  equivalent  to 
a  spin  inversion   for  each  of   the  electrons  and  leads  to  relaxation  of 
the  excited  energy  states,,      The  effect  of  electron  exchange  is   to  replace 
the  atom's  valence  electron  by  one  which  is  unpolarized  and  uncorrellated 
with  the  spin  of  the  nucleus,.      Hence,  after  the  exchange-,  the  atoms  are 
in  a  completely  random  spin  state. 

Of  the  less  serious  effects,   that  of  alkali  metal  atom-buffer 
gas  atom  collisions  is  negligible  for  low  pressures  of  the  buffer  gases0 
For  the  heavier  buffer  gases,   the  disorientation  effect  is  noticeable 
for  pressures  greater  than  approximately  30  mm  of  Hg„ 

The  effect  of  frequency  modulation  of  the  radio  frequency  sig= 
nal  generator  is  to  cause  line  broadening.     However,,   this  factor  can  be 
minimized  by  reducing  the  magnitude  of   the   sweep  or  by  designing    the 
system  to  eliminate   the   swept  frequency  signal,,      The  magnitude  cf  the 
line  broadening  is  directly  proportional  to  the   magnitude  of  the  sweep 
voltage. 

Power  saturation  broadening  results  from  a  radio  frequency  mag- 
netic resonance  effect.      The  effect  can  be  lessened  by  reducing  the  sig- 
nal generator  power  output  to  a  sufficiently  low  value.     However^   this 
also  has  the  effect  of  reducing  the  magnitude  of  the  detected  signal,, 
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Therefore,   a  satisfactory  compromise  must  be  reached  between  the  two 
opposite  effects.     This  observation  holds  true  in  the  case  of  light 
intensity  broadening  also,  because  the  magnitudes  of  the  line  broad- 
fining  and  the  detected  signal  are  both  proportional  to  light  intensity, 

Doppler  effects  are  evidenced  in  the  rapid  diffusion  of  the 
atoms   to  regions  within  the   cell  of  different  radio  frequency  phase 
or  direction.,     When  the  dimensions  of  the  absorption  cell  are   small 
compared  to    the  wavelength  of  the  radio  frequency  signal,  there  is 
negligible   Doppler  effect.      The  Doppler  effect  in  this   case  is  re- 
placed by  collision  effects. 

The  natural  line  breadth  is  negligible  compared  to  the  other 
effects,   being  of  the  order  of  a  fraction  of  a  cycle  per  second.  /§/ 

Without  the  presence  of  some  mechanism  to  limit  the  relaxation 
effects  of  the  collisions  of  alkali  metal  atoms  with  the  cell  walls 
and  with  other  alkali  metal  atoms,    the  population  inequalitier 
achieved  by  pumping  are  reduced  to   the   point  where  no  signal  can  be 
detected.      These  collision  effects  have  been  successfully  controlled  by? 

(1)  inserting  an  inert  buffer  gas  into   the  absorption  cell  to 
reduce  the  mean  free  path  of  the  alkali  metal  atom?   or 

(2)  coating   the  walls  of  the  absorption  cell  with   a  paraffin 
which  will  not  interact  with  the  excited  alkali  metal  atom. 

Discussions  of  the  buffer  gas  and  the  wall=coating  techniques 

are  included  in  Sections  2  and  h  respectively. 
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2„      Buffer  Gas, 

2-1.      Theory  of  the  Utilization  of  Buffer  Gas, 

One  effective  means  of  reducing  the  line  width  of  the  atomic 
transition  is  to  place  a  non-magnetic  buffer  gas  in  the  cell   along 
with  the  alkali  metal.      The  mean  free  paths  of  the  radiating  atoms 
cgn  be  kept  small  by  adjusting  the  buffer  gas  pressure0      The  pro<= 
portion  of  collisions  of  the  alkali  metal  atoms  with   the  buffer  gas 
atoms  is  increased  as  the   relative  number  of  alkali-alkali  and 
alkali -wall  collisions  are   reduced 0 

Collisions  between  an  alkali  atom  and  a  buffer  gas  atom  do 
not  terminate  the   radiation  process 0      The   internal  state  of  the 
radiating  alkali  atom  is  influenced  only  very  weakly  by  this    type 
of  collision.   /<?/ 

The  collisions  of  the   alkali  atoms  with  the  buffer  gas  atoms 
will  produce  an  increase  in  line  width  noticeable  at  high  pressures 
of  buffer  gases./^Q/      The  effects  of  these  collisions.,  although  weak 
indi vidua lly^,   become  the  dominant  cause  of  increased  line  width  when 
the   frequency  of  occurrence  is  increased  by  several  orders  of  magnitude 
due   to   higher  pre s sure s0 

There  fore ,  the  addition  of  the  buffer  gas  contributed  to  two 
opposing  effects.      It  decreases  the  relaxation  effects  of  the  alkali- 
alkali  and  alkali-wall  collisions  but  adds  to    the   effect  due  to 
alkali-buffer  collisions .      An  optimum  buffer  gas  pressure  exists  at 
which  the  relaxation  rate   of  the   excited  alkali   atom  is   a  minimi. 
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2-2 .  Effects  of  the  Use  of  Buffer  GaSo 

The  addition  of  an  inert  buffer  gas  has  three  major  effects 
upon  the  atomic  transition: 

(1)  the  line  width  is  reduced„ 

(2)  the  signal-to-noise  ratio  is  improved.,  and 

(3)  the  center  frequency  of  the  transition  is  shifted  slightly. 
The  first  two  effects  are  derived  from  the  decrease  in  the 

collision  effects  which  result  in  disorientation  or  relaxation  processes- 

In  frequency  standard  application,  the  effect  of  most  concern  is 
the  frequency  shift  in  the  field  independent  transition  that  is  pro=> 
portional  ±o  the  pressure  of  the  buffer  gas0 
2-3.   Theory  of  Pressure  Shift. 

The  hyper fine  frequency  of  an  alkali  metal  is  the  result  of  the 
interaction  of  the  spin  of  the  nucleus  with  that  of  the  valence  electron. 
During  the  collision  between  the  alkali  metal  atom  and  the  buffer  gas 
atom,  the  valence  electron  wave  is  perturbed,  modifying  the  energy  of 
the  system. 

Pressure  shift  is  defined  as  the  shift  in  transition  frequency 
that  is  proportional  to  the  pressure  of  the  buffer  gas.  Since  the  term, 
pressure  shift,  has  achieved  general  usage  in  the  field  of  optically 
pumped  devices,  it  is  used  in  the  defined  sense  throughout  this  thesis0 

The  pressure  shifts  that  have  been  measured  in  the  alkali  metals 
reveal  a  general  trend  of  shifts  toward  the  higher  frequencies  in  the 
case  of  the  lighter  buffer  gases  and  toward  lower  frequencies  for  the 
heavier  gases.*  •/  ^J  L-u      Because  these  results  include  frequency  shifts 
in  both  directions,  the  presence  of  exchange  energies  as  well  as  disper- 
sive forces  are  indicated.   The  exchange  forces  cause  a  higher  frequency 
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shift.  If  active  alone*  the  dispersion  forces  produce  a  frequency- 
shift  in  the  lower  direction  with  all  of  the  buffer  gar- 

The  lower  shifts  can  be  attributed  to  the  Van  der  Was      long- 
range  farces,  which  cause  a  downward  displacement  of  the  hyperfine  en- 
ergy states  of  the  alkali  metal  atom  as  the  buffer  gas  atom  approaches. 
The  rare  gas  atom,  commonly  used  as  a  buffer  gas5  consists  entirely 
of  closed  electron  shells  and  is  relatively  small.  Conversely,  the 
alkali  valence  electron  is  loosely  bound.  During  the  collision,  the 

nucleus  of  the  buffer  gas  atom  will  penetrate  well  inside  the  valence 

1 

electron  cloud,  pulling  it  in  with  a  corresponding  increase  of  energy,, 

/ll/     The  hyperfine  frequency  is  increased  in  proportion  to  the  energy 
increase  in  accordance  with  the  relationships 

AE  -  h  f 
Therefore,    the  lighter  buffer  gases  produce  a  greater  positive  fre- 
quency shift  because  the  atoms  are  smaller  and  apparently  succeed  in 
a  deeper  and  more  effective  penetration. 

A  linear  relationship  between  the  magnitude  of  the    frequency  shift 
and  the   buffer  gas  pressure  exists.      The  result  of  increased  buffer  gas 
pressure   is  to  increase   the  number  of  alkali-buffer  atom  collisions  with 
a  corresponding  effect  on  the  valence  electron  energies.      Because  of  the 
linear  relationship,  pressure  shift  can  be  expressed  distinctly  as  the 
slope  of  the  plot  of  frequency  versus  buffer  gas  pressure.      (See  Fig. 
3-9  and  Table  3-D. 

2-U.     Predicted  Pressure   Shifts. 

The  pressure   shifts  of  various  buffer  gases  have  been  measured 
for  gas   cells  of  cesium,   rubidium  and  sodium.      The  results  of  these 
measurements  in  terms  of  the  frequency  shift  per  unit  of  buffer  gas 

pressure  are  listed  in  Table  2-1. 

8P»L0    Bender,   Comments  on  Dr.   Fontana's  Paper,  published  in  the  record 
of  the  Ann  Arbor  Conf.   on  Optical  Pumping,   June  15-13,  1959,pp.lO?=103 . 
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Table  2-1.      Pressure  Shifts 


Element 

Cs133 

87 
Rb°' 

Na23 

Hyperfine  frequency  (f) 
(in  mcs. ) 

9192 

683I4 

1772 

Pressure  shift  of  buffer 
gas  ( A f )   (in  cps/mm  of  Hg) 

He 

+  1050 

+  1750 

+  720 

Hg 

+  2000 

■>  660 

N2 

+  890 

+  950 

+  520 

+  80 

Ne 

+  580 

+  700 

+  392 

+  58 

Ar 

-  190 

-  300 

-  51 

0 

Kr 

-  1300 

-  1300 

-  580 

Xe 

-  21)00 

Reference 

Bender 
(1) 

Arditi 
(2) 

Bender 
(3) 

Arditi 
(2) 

A  reasonable  correlation  exists  between  the  measured  pressure 
shifts  and  the  hyperfine  frequencies  of  the  alkali  metals „      The  ratio  of 
the  pressure  shift  to  the  hyperfine   frequency s    A  f/f »  demonstrates  this 
relationship  as  is  shown  in  Table  2~2„ 
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Table  2-2„        Rati  o  of  Pressure   Shift  to  Hyperfine  Frequ 

(  x  109)" 


Element 

Csi33 

Rv- 

Buffer  Gas 

He 

11)4 

191 

105 

«2 

213 

97 

N2 

97 

103 

76 

U5 

Ne 

63 

76 

57 

Ar 

-21 

-33 

=3 

Kr 

-1U2 

-ll*2 

-85 

Xe 

=262 

.... 

In  the   ratio  of  pressure  shift  to  the   hyperfine  freque, 
Table  2-2,   it  is   observed  that  this  ratio  decreases  slightly  . 
creasing  Z  of  the   alkali  metalo     For  a  particular  buffer  s  is 

ratio  decreases   from  Gs  -^  to  Rb^'    to  Na^30      In  extrapolating  this 
ratio  for  K?9 ^   a  ^lue  between  those  for  Rb°!    and  Na  -*  bi        ed„ 

Finally,  the  estimated  pressure    shift  in  cycles  per  se 
millimeter  of  Hgs  is  obtained  by  multiplying  the  ratios    A 
hyperfine  frequency  of  K3^  which  is  roughly  I4.62  megacycles0 
results  of  these  computations  are  shown  in  Table  2=3 o 


Table  2-3.        Predicted  Pressure  Shifts  for  K39   (f    *  1|6?  mca) 


Buffer  Gas 

A    f/f 

df 

He 

100 

1+6  cps/mrn  of 

Hg 

E, 

90 

Ui.5 

N2 

60 

23 

Ne 

h$ 

21 

Ar 

-5 

~203 

Kr 

-70 

-33 

Xe 

-130 

=60 
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3.     Pressure  Shift  Measurement. 

3-1.      Proposed  measurement  Procedure, 

The  frequency  shifts  due  to  the  usually  employed  pressures 
(  <  £0  mm  of  Hg)  of  the  non-magnetic  buffer  gases  are  very  small  in 
comparison  with  the  hyperfine  frequency-     The  maximum  frequency  shift- 
is  in  the  order  of  three  kilocycles  compared  with   the  hyperfine  fre- 
quency of  U62  megacycles.     The  measurement  procedure  must  be  able  to 
measure  this  L-band  region  transition  frequency  to  within  a  few  cycles 
of  the  correct  value  if  the  slope  of  the  pressure   shift  curve  is  to  be 
determined  accurately. 

A  variety  of  measurement  techniques  are  permitted  by  mounting   two 
absorption  cells  side  by  side  in  the  cavity  so  as  to  utilize  the  same 
light  source  and  experience  the  same  environment.     Fig.   3-1  demonstrates 
this  general  arrangement.     Three  of  the  proposed  techniques  utilizing 
this  arrangement  are  discussed  below, 

(I)     Measurement  technique  utilizing  two  detection  systems. 

The   simplest  approach  to   the  measurement  of   the  frequency 
shift  would  be  to  establish  the  transition  frequency  of  ore   selected  gas 
cell  as  a  frequency  reference.     The  transition  frequency  of   the  selected 
cell  would  preferably  be  one  corresponding  closely  to   the   zero  pressure 
frequency.     Therefore^   the  reference  cell  would  contain  a  low  pressure 
of  a  buffer  gas  which  produces  very  little  frequency  shif ts   such  as  argon* 
The  transition  frequencies  of  the  other  cells  using  various  buffer  gases 
and  pressures  could  be  measured  relative  to  the   established  reference 
frequency  utilizing  the  frequenc3r  difference.     The  frequency  differences 
should  all  lie  in  the  audio  frequency  range,  making  them  read:  ly  and 
accurately  measureable. 
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The  pressure  shifts,  i.e.,  the  slopes  of  the  plots  of  frequency 
versus  buffer  gas  pressure,  may  be  determined  by  this  methodc  If  the 
absolute  frequencies  of  the  data  are  desired,  the  transition  frequency 
of  the  reference  cell  must  be  established  using  a  frequency  standard 
external  to  the  gas  cell  system. 

The  proposed  system  would  provide  for  simultaneous  triggering  of 
the  transitions  in  the  two  different  cells  by  amplitude  modulating  the 
radio  frequency  carrier  with  a  single  audio  frequency0  Fig.  3-2(a)  shows 
how  the  carrier  would  be  used  to  irradiate  one  cell  while  one  of  the 
sidebands  would  irradiate  the  other. 

The  light  beams  after  leaving  the  two  absorption  cells  would  be 
detected  and  amplified  in  separate  detection  channels  as  shown  in  Fig. 
3-2(b).  The  measurement  would  be  accomplished  by  obtaining  a  signal  in 
one  channel  using  the  carrier.  After  adjustment  of  the  modulation  fre- 
quency to  obtain  a  signal  in  the  other  channel,  the  modulation  frequency 
would  be  measured  to  obtain  the  frequency  separation. 

(II)  Measurement  technique  utilizing  sideband  calibration. 

The  following  approach  utilizes  the  carrier  and  sideband 
technique  also  but  eliminates  the  requirements  for  a  second  detection 
channel.   This  system  would  utilize  a  motor-drive  helipot  to  tune  the 
radio  frequency  signal  source  through  the  range  of  transition  fre- 
quencies at  a  constant  rate  while  recording  the  detected  signals  on  a 
strip  recorder.  Fig.  3 -3(a)  is  a  block  diagram  of  the  system.  When 
utilizing  the  carrier  alone,  the  recording  would  be  that  of  two  signals 
separated  by  a  distance  equivalent  to  the  frequency  difference,,  as 
shown  in  Fig„  3-3(b)„   The  strip  recording  would  then  be  calibrated 
for  distance  on  the  strip  versus  frequency  by  amplitude  modulating 
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the  carrier  and  utilizing  only  one  of  the  absorption  cells.  As  shown 
in  Fig.  3-3(c),  the  recording  obtained  by  tuning  the  signal  genera- 
output  through  the  frequency  range  in  this  case  will  be  three  signals 
representing  the  transition  as  it  is  triggered  by  the  carrier  and 
sidebands  as  they  are  tuned  through  the  transition  frequency.   The 
distance  separating  the  carrier  and  sideband  would  be  equivalent  to 
the  modulation  frequency,  A  calibration  would  be  obtained  by  equa* - 
ing  the  separation  between  the  two  signals  in  Fig.  3-3 (b)  to  the 
separation  between  carrier  and  sidebands  for  a  given  audio  frequency. 

(Ill)  Measurement  technique  utilizing  individual  measurements 0 
By  inserting  a  shutter  which  would  enable  the  selection 
of  the  individual  cell  desired  of  the  two  cells,  the  cells  would  be 
measured  individually  using  an  external  frequency  standard,,  However,, 
one  common  cell  could  be  utilized  as  a  reference  to  check  against 
variables  in  the  system,  such  as  drift  in  the  external  frequency 
standard.  As  shown  in  Fig.  3-U,  this  system  requires  less  equip- 
ment than  the  previous  two. 

In  evaluating  the  proposed  sys terns ,  it  is  noted  that  all 
three  have  the  advantage  that  the  environments  of  the  subject  cell 
and  the  reference  cell  are  identical  with  respect  to  both  magne 
field  and  temperature. 

In  cases  (I)  and  (II),  the  frequency  separation  could  be 
read  off  of  the  dial  of  the  audio  oscillator  readily  and  with 
reasonable  accuracy. 

The  third  case  requires  that  all  cells  be  measured  individu- 
ally, Ekwever,  the  measurement  device  need  be  calibrated  for  only  one 
of  the  measurements,  as  the  reference  cell  could  be  utilized  to  check 
against  drift  in  the  external  standard, 
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The  first  prerequisite  of  the  measurement  procedu 
assembly  of  an  optically  pumped  K-      gas  cell  frequency  st- 
ing sufficient  stability,   signal-to-noise  ratio  and  na. 
to  permit  an  accurate   determina  tion  of  the  transition  free.- 
accordance  with  the  prescribed  technique. 

In  such  a   frequency  standard,   the  radio  frequency  signal 
source  should: 

(1)  exhibit  extremely  good  short-term  stability,   i0e05 
the  order  of  a   few  parts  in  10  . 

(2)  deliver  approximately  five  milliwatts  of  :- 
quency  power  at  the   transition  frequency,. 

(3)  be   tunable  over  a  narrow  band  about  the  hyp- 
frequency. 

(h)  be  capable  of  a  swept  frequency  output,, 

(5)  provide  for  amplitude  modulation 

A  crystal-controlled  oscillator  can  be  obtained  through 
careful  engineering  which  will  satisfy  these  requirements 0 

In  order   to  attain  a  narrow  line  for  enhanced  accuracy 
frequency  measurement,    the  radio  frequency  power  level  must  I 
s trie ted  to  a  minimum.     As  mentioned  previously,   the  effect  of  ex- 
cessive power  input  to  the  resonant  cavity  is  to  broaden  tl 
However,    the  signal  amplitude  is  directly  proportional 
frequency  power*,      Therefore,   the  problem  of  accurate   frequency  measui 
ment  resolves  into  that  of  maximizing  the   signal-to-noise  ratio  obtained 
from  a  weak  radio  frequency  signal „      The   synchronous  amplifier  m< 
this  requirement  in  addition  to  determining  the  line   center 
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The  synchronous  amplifier  is  a  eorrellation  d^ 
works  on  a  phase  detection  principle  utilizing  the  swee; 
quency  as  the  reference  signal,  A  swept  radio  frequency  :,u:   1 
used  because  it  enhances  the  amplitude  of  the  detected  signal 
provides  an  alternating  signal  output  which  is  less  sensiti 
noise  and  drift  in  the  detection  circuitry,  A  phase  cohere 
exists  between  the  sweep  frequency  and  the  detected  light  si^ 
which  permits  a  synchronous  amplifier  to  determine  the  exact  line 
center,, 

The  lamp  utilized  should  provide  light  of  reasonably  strong 
intensity  with  a  minimum  of  noise  and  sweep  frequency  components, 
Where  a  60  cps  sweep  frequency  is  utilized^  any  60  cps  component  in 
the  light  tends  to  produce  an  erroneous  result  for  the  transition 
center  frequency  because  the  60  cps  sweep  voltage  is  used  as  a  refer- 
ence signal  for  the  synchronous  amplifier  0 

The  cavity  should  be  resonant  at  the  transition  frequency 
1|62  megacycles  with  a  Q  of  several  hundred.   The  magnetic  field 
within  the  volume  occupied  by  the  gas  cell  should  be  parallel  to  r 
vent  any  disorientation  of  the  excited  atoms  due  to  magnetic  fie 
inhomogeniety  or  Doppler  effect.  At  )|62  megacycles,,  a  reentranl 
resonant  cavity  is  preferable  to  a  right~circular=cylindrical  cavity 
operating  in  the  TE0,,  mode  because  of  the  smaller  size0 
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3-20      Pressure  ohift  Measurement, 

The  proposed  procedure   using  two  detection  channels  was  re- 
jected because  of  the  extra  equipment  required  to  establish  two 
iaentical  detection  channels,      in  particular^,   the  second  synchronous 
amplifier  and  a  prism  required  to  separate  the   two  light  beams  were 
not  readily  available. 

The  proposed  measurement  technique  utilizing  sideband 
calibration  was   tested.     However,   the  results  when  evaluated  revealed 
that  considerable  discrepancies  in  the  frequency  separation  measure- 
ments existed.      The  error  in  this  procedure  is  believed  to  be  due  to 
the  interaction  of  closely  spaced  signals  in  synchronous  amplifier 
which  have  the  effect  of  shifting  the  zero  point  or  line  center  of 
the  amplifier   output. 

The  third  method  was  the  procedure  utilized  whereby  the  fre- 
quency of  each  cell  was  counted  individually  using  the  frequency  of 
a  reference  cell  to  detect  counter  drift. 

The  reference  cell  chosen  contained  argon  at  a  pressure  of 
1,75  mm  of  Hg  as  a  buffer  gas.      Theoretically^,   argon  should  give  a 
very  small  pressure  shift.     At  a  pressure  of  only  1,75  mm  of  Hg, 
pressure  shift  would  be  negligible  and   the  effects  of  temperature 
upon  the  transition  frequency  could  also  be  neglected. 
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3-3 o      Characteristics  of  the  Optically  Pumped  Gas  Cell 
Frequency  Standard  Used0 

The  block  diagram  of  i'ig0   3-5  represents  the   frequency 
ard  which  was  constructed  for  use  in  the  pressure  shift  measuj 
The  major  components  of  the  system  are  described  below „ 
(a)   Radio  frequency  signal  generator., 

In  order   to  provide  a  radio  frequency  signal  source  with 
adequate  stability,   a  crystal-controlled  oscillator  was  constr  . 
The   signal  generator  circuit  is  shown  schematically  in  Fig0  3-60 

The  complete  circuit  consists  of  four  stages,,      The  first  staj 
is  a  crystal  oscillator  circuit  utilizing  an  overtone  crystal   with  a 
frequency  of  115„U33  megacycles  per  second0      The  following  two  stages 
are  doubler  circuits  which  multiply  the  frequency  to  230o866  and  u61„732 
mtgacycles  per  second  respectively0     A  push-pull  power  ampl  stage 

with  a  power  output  of  5«0  milliwatts  made  up  the  final  stage0 

By  varying  the  plate  supply  voltage  of  the  crystal  oscillator 
stage  from  k3  to  72  volts,,  the   output  frequency  of  the  signal  generator 
was  pulled  from  Ut>l,7l8,OUO  cps  to  li6l5737s720  cps0     Frequen  ■  rol 

was  maintained  by  use  of  a  potentiometer  in  series  with   tne  j    .  upplyc 

A  90  volt  dry  cell  battery  as  a  power  supply  for  this  stage  mad  i= 

ble  a  short-term  stability  of  about  four  parts  in  10°  after  warm  up, 

A  filament  transformer  in  series  with  the  power  supply  super- 
imposed a  60  cps  sweep  voltage  upon  the  plate  supplv  ge0     Because 
the  magnitude  of  the  sweep  voltage  has  a  significant  e:  upon  the 
line  width  of  the  transition  signal^   the  sweep  voltage  was  adjusted 
with  a  Variac  on  the  primary  side  of  the   transformer 0 
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The  construction  of  the  signal  generator  provided  f< 
monitoring  of  the  115  megacycles  per  second  output  of  the  crystal 
oscillator  stage  prior  to  doubling .      This   technique  permitted   the 
use  of  a  Hewlett-Packard  $2kC  frequency  counter  in  conjunc    i  .th 

a  Hewlett-Packard  525B  frequency  converter  as  the  external  frequen. 
standard. 

(b)   Resonant  cavity. 

The  resonant  cavity  used  in  the  experiment  was  of  the  reentrant 
type  tunable  from  29U  to  U90  mega  cycles „ 

The  reentrant  cavity  was  in  the  form  of  a  right 
with  a  tuning  stub  projected  along  the  axis  of  the     yl        ^r.     Resonance 
occurs  when  the  susceptance  of  the   capacitance  formed  between  th  of 

the  tuning  stub  and  the  end  plate  is  equal  but  opposite  in  sign  to  the 
susceptance  of  the  effective  inductance  formed  by  the   tuning  stub^  the 
end  plates  and  the  walls  of  the  cavity,,      The  design  of  the  cavity  is 
discussed  in  Appendix  II„ 

For  use  in  the   optically  pumped  system^   the  cavity  had 
to  allow  the  passage  of  the  light  beam  along  a  direction  which  was  pre- 
dominantly parallel  to  the  radio  frequency  magnetic  field  within  the 
region  of  the  absorption  cell0      The  magnetic  field  >as    2irculax  about 
the  axis  of  the   cylindrical    cavity.      There for e$  a  small  perpendicul 
component  is  parallel  to  the  light  beam.      The  proper  alignment  of  t he- 
cavity  and  optical  system  required  that  the  radio  frequency  magnt    i 
field  and  the  pumping  beam  both  lie  parallel  to  the  ambient  magnetic 
field  or  h\    field. 

0 
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The   cavity  was  designed  with  a  mount  for   insertion  of   ; 
absorption  cells  side  by  side  as  shown  in  Fig0   3-l« 

A  probe  was  inserted  into  the   center  of  one  wall  to  pi 
for  coupling  radio  frequency  energy  into   the  cavity,,     Diair 
opposite  on  the  other  side,  a  coupling  loop  was  installed  to  allow 
sampling  of  the  energy  by  a  radio  frequency  power  monit 

The  operating  temperature   for  the  potassium  vapoi 
70°  +  10°Co      Two  100-watt  Electrothermal  heating  tapes  wrai 
the  cylinder  walls  above  and  below  the  windows  provided  the   i 
heating.      The   temperatures,   measured  by  an  immersion  type  the: 
was  controlled  by  means  of  a  Varia 
(c)     Lamp„ 

The  potassium  lamp  used  was  an  electrodeless   type  ex 
the  inductive  field  of  a  100  megacycle  oscillator*,      The  le 
of  ordinary  pyrex  internally  coated  with  potassiu 
filled  with  natural  potassium  and  krypton  buffer  ga .  press:. 

2„2  mm  of  Kg„     Potassium  39  occurs  as  93«>2$  of  natural 
buffer  gas  kept  the  lamp  intensity  from  becoming  temperature  sens 

To  obtain  a  constant^,  ripple -free  source  of  pumping  _. 
the  100  megacycle  oscillator  was  driven  by  a  well-reguj. 
current  source,  which  provided  22-26  milliamperes  of  direct  car 
The  filairent  power  to  the  oscillator  tubes  was  furnished  by  a 
battery  to  eliminate  any  60  cps  component  in  the  light,, 

The  lamp  furnished  a  high  light  output  with  low  noisea      T) 
lamp  body  was  engineered  to  provide  a   constant  source  of  he 
lamp.      To  prevent  variations  in  light  intensity  due  to  tern] 
variations j    the  entire   lamp  and  oscillator  assembly  was  inserted 
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glass  container,, 

A  warm-up  period  of  approximately  thirty  minutes  was 
necessary  to  allow  the  lamp  and  lamp  body  to  achieve  temperature 
stability  and  a  stable  operating  condition, 
(d)  Synchronous  amplifier. 

The  synchronous  amplifier  functions  on  a  coi  ellation  princi- 
pie  integrating  over  the  output  of  the  photocell  to  obtain  maximum 
signal.   Using  the  sweep  voltage  to  the  radio  frequency  signal  gener- 
ator as  a  reference ,  the  synchronous  amplifier  also  determines  when 
the  signal  generator  frequency  coincides  with  the  transition  fre- 
quency of  the  absorption  cell  by  means  of  phase  information  carried 
in  the  detected  light  signal,, 

The  schematic  for  the  circuit  of  the  synchronous  amplifier  is 
shown  in  Fig.  3-7.  Every  half  cycle^  the  reference  signal  switches  a 
chopper  to  reverse  the  polarity  of  the  input  signal  to  the  integrating 
circuito  Hences  the  input  signal  is  added  over  one  half-cycle  and 
subtracted  over  the  other. 

When  the  center  frequency  of  the  signal  generator  is  slowly 
varied  through  the  transition  in  one  direction^,  the  synchronous  de- 
tector output  appears  as  shown  in  Fig.  3~8 „   The  output  signal  in- 
creases as  the  transition  frequency  is  approached^,  goes  to  zero  at 
the  time  of  coincidence  *  and  increases  in  opposite  polarity  as  the 
transition  frequency  is  passed.   The  slope  of  the  signal  is  seen  to 
be  very  steep  at  the  point  of  the  transition  which  furnishes  a 
sensitive  accurate  indication  of  the  transition  center  frequency. 
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(e)  Photocell  and  amplifier s0 

In  lieu  of  the  standard  vacuum  tube  photocell^  a     -.an 
type  2A  silicon  solar  cell  was  utilized  as  the  light  sens:  . 
The  spectral  response  of  the  solar  cell  extends  from  UCOO  .        00 
A  with  the  peak  near  8000  A„   This  response  is  ideally  suited 

O  O 

potassium  resonance  radiation^  the  two  D  lines  bein^  and 

Although  somewhat  less  sensitive  than  the  standard  photocells    ; 
solar  cell  has   two  decisive  advantages  in  being  more   compaci 
requiring  an  external  power  supply 6 

The  solar  cell  was  mounted  directly  on  a  transist 
fier0      The  preamplifier  circuit  consisted  of  two  ampli 
followed  by  an  emitter  follower  stage „      The  overall  gain  of  -amp- 

lifier was  IOOO-II4.OO3  depending  upon  the   condition  of  the  ba : 

The  preamplifier  was  followed  in  the  circuit  by  a  Burr-Brc 
Model  110  Variable  Gain  AC  Amplifier^  a  highly  stable  transistorized 
two  stage  feedback  amplifier  preceded  by  a  set  of  impedance   conv- 
circuits,      The  gain  of  this  amplifier  was  adjusted  so  thai 
gain  through  both  the  preamplifier  and  the  amplifier  was  in  the  order 
of  50*000o 

The  efficiency  of  the  optical  system  was  enhanced  by   ' 
utilization  of  a  condensing  lens  following  the  gas  cell  t  he 

light  beam  upon  the   solar  cell.      The  placement  of  the  lens  fi  ling 

the  gas   cell  increases   the  light  signal  without  contributing 
broadeningo 
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(f)     Gas   cells. 

The  gss  cells  utilized  in  the  project  were  made  of  iabc 
tory  quality  Corning  77^0  pyrex  in  the  form  of  cylinders   two  inc. he; 

* 

in  diameter  and  three  inches  in  height. 

The  mount  in  the  reentrant  cavity  held  two  of  the  cells  side 
by  side  in  a  position  such  that  the  axis  of  the  cylindrical 
parallel  to  the  light  beam. 

The  distribution  of  buffer  gas  pressures  necessary  for  the 
study  was  obtained  by  filling  individual  cells  to  the  pressures  de- 
sired.  The  absorption  cells  were  filled,  by  the  following  process. 
Firsts  the  cell  was  placed  on  a  vacuum  system  which  achieved  a 
vacuum  of  approximately  10 ^  mm  of  Hg„  A  small  amount  of  natural 
potsssium  was  then  forced  into  the  cell.  A  spectral  grade  inert 
buffer  gas  was  inserted  into  the  system  and  the  cell  was  sealed  off 
after  achieving  the  desired  buffer  gas  pressure . 

Thirteen  absorption  cells  containing  buffer  gases  at  the 
filling  pressures  listed  below  were  utilized  in  the  measurement. 

Buffer  Gas        Pressure  (in  mm  of  Hg) 

He  2 

10.5 

28 

1*9 

K2  10 

29 
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Buffer  Gas 

Pressure 

Ne 

10 

2U.S 

35 

Ar 

1,75 

10 

30 

Pressure  (in  mm  of  Hg)   (Con* 


j\r  11 

3 ~1+  o  Filling  Pressure  Accuracy 0 

The  accuracy  of  the  filling  pressure  of  the  buf 
was  limited  by  the  filling  techniques  and  the  equipment 
for  making  the  cells0  For  this  reason,,  a  probable  error  oj 
gas  pressure  of  _+  0,5  mm  of  Hg  is  assumed  for  all  cells  wit 
exception  of  those  discussed  below a 

In  the  case  of  the  two  cells  containing  molecular  hydrog: 
as  the  buffer  gas5  the  filling  technique  was  particularly  dj 
The  pressure  of  the  hydrogen  was  achieved  and  maintained  by 
ing  a  hydrogen  compound  which  made  the  pressure  difficult 
late.   Therefore $   the  exact  pressure  at  the  instant  of  sealing  off 
the  cell  is  subject  to  some  uncertainty.   In  addition,,  the  hydi 
when  heated  will  react  with  the  potassium  to  form  potassium    .  \  \es 
resulting  in  a  lower  buffer  gas  pressure,  Since  the  tip  of  the 
must  be  heated  in  sealing  off s  this  reaction  prohabl  an 

unknown  extent,  i^ue  to  this  pressure  accuracy  limitatioi 


error  in  the  buffer  gas  pressure  of  _+  105>  mm  of  Hg  wa  >umed  and 

only   two  H2  cells  were   utilized  in  the  measurements,. 

The  cell  containing  potassium  with  a  buffer  gas  of  helium 
at  2  mm  of  Hg  pressure  was  used  in  other  experiments  in  which  an 
electrical  arc  was  developed  in  the   cell  on  several  occasions 0     An 
uncertainty  exists  as  to  the  gas  pressure  resulting  from  this   treat* 
ment  and  this  cell  was  assigned  a  probable  error  of  +  10$  mm  of   Hg0 
3<=£o     Frequency  Counter  Accuracy,, 

A  Hewlett-Packard  5>2l|C  frequency  counter  in  conjunction  with  a 
Hewlett-Packard  £25>B  frequency  converter  were  used  to  measure  the 
transition  frequencies « 

The   construction  of  the  radio  frequency  signal  source  permitted 
the  measurement  of  the  frequency  output  of  the  crystal  oscillator 
stage  prior  to  multiplication0     At  that  frequency  levels   the  fre- 
quency falls  within  the  range  of  the  above  instruments 0      The 
measured  frequency  was  multiplied,  by  a  factor  of  four  to  obtain 
the  output  frequency  of  the   signal  genera tor 0 

Because  the  output  level  of  the   crystal  oscillator  stage  was 
marginal  in  respect  to  the  minimum  trigger  voltage  of  the  counter^ 
a  Hewlett-Packard  i|60A  wideband  amplifier  was  used  to  amplify  the 
input  signal  to  insure  against  spurious  counts „ 

The  counter  was  placed  in  the  circuit  and  left  in  continuous 
operation  for  a  minimum  of  three  hours  prior  to   conducting  any 
measurements,, 

Immediately  following  the  measurements^   the  counter  utilized 
was  checked  against  Wo  rubidium  optically  pumped  gas  c 
quency  standards „      The  two  rubidium  clocks  have  been  calibrated 
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against  the  cesium  beam  standard  at  Fort  Monmouth0     As  a  re 
these  checks,    the   frequency  readings  of   the  counter  were 
to  be  10  cycles  per  second  low  in  the  U62  megacycles  per  second 
region.      The  data  was  corrected  by  adding  10  cycles  per   second   ' 
cancel  the   counter  error* 

3-6 o     Measurement  corrections „ 

In  addition  to  the  correction  for  the  frequency  - 
accuracy  of  v  +  )   10  cps  discussed  in  the  previous  section^   the  fr< 
quencies  measured  should  be  corrected  to  remove  the  effect  of  the 
ambient  magnetic  field „ 

The  magnitude  of  the  magnetic  field  was  measured 
0*£l  gauss  by  means  of  a  technique  discussed  in  Appendix  III„ 
Substituting  this  value  for  H  in  the   Breit-Rabi  formula,   a  frequen 
correction  of  2205  +  3  cps  is  obtained.     To  obtain  the    zero  field 
hyperfine  frequency,   the   correction  must  be  subtracted  from  the 

measured  value  „ 

The  pressure  of  the  buffer  gas  is  dependent  upon  the 
erature  of  the  gas  cell  at  the  time  of  measurement.      The  tempera- 
ture effects  are  discussed  in  detail  in  Section  $»      The  buffer  gas 
pressures  were   corrected  to  reflect  the  change  in  temperature    from 
the  time  of  filling  to  the  instant  of  measurement,  which  amounted 
to  a  pressure  increase  of  10.1$o 

Because  of  variations   in  successive  readings  on  any  one       11^ 
an  experimental  error  of  +  20  cps  was  assumed  for  the  measurement 
technique0 
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3-7,     Pressure  Shift  iioafu-  s^ 

[  s  results  cf  the  ;r:easurerr;ents  of  the   frequ-.  C1 

to  buffer  gas  pressure,,   after  correction  for   the  : 
accuracy s   magnetic  field  strength  and         ;.  3ratures   are 
.n  Fig,   3-9  o 

Since   the  relationship  between  the  frequency  iff - 

cr  gas  pressure   is  a   linear  one,   the  slopes  of  the   ploi 
pressure   shift.      In  this   form5   the  results  are   presented   i 
Table  3-1. 

ie  3-1 

Buffer  Gas  __  :. .  u._j     o .  ■"_.. 

He  .8  +  It 

H2  »6  1  $ 

Ne  23.8  +  2 

Ar  -Co  ■        1 c 


Kr  -16,2 


•■ 


■;• 
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3-8,      Zero  field  Kyperfine    Frequency  i'or  K-"„ 

From  Fig,   3-9,   it  is   noted  that  all, pressure  shifts  are  linear 
and  extrapolate  to  the  same   frequency  at  zero  pressure.      This  fac 
lends  considerable  support  to  the  accuracy  of  the  results  as  the   fre- 
quencies at  zero  pressure  for  all  buffer  gases  should  be  the  sara= 
gardless  of  the    frequency-pressure  relationship,, 

After  correction  to  zero  magnetic   field  strength  and  for  counter 

39 
error,   the  zero  field  hyperfine   frequency  for  K  '    was  obtained  from 

tie  point  of  zero  pressure  as: 

f0  (K39)  s  U6l,719,685  1  35  cps 

This  value  should  be  compared  with  the  previous  value  for   the 
hyperfine  frequency  of  U6l,?23  +  10  kcs„£l2j    From  the  results  of  this 
work,   it  appears  that  measurements  using  the  optical  pumping  technique 
are  much  more  accurate  and  more  precise   than  those  obtained  by  previous 
method So 

3-9.      Comments  Upon  Observed  Signal  ^trengths^ 

The  signal  from  the  cell  which  contained  the  krypton  as  a  buffer 
gas  was  weaker  by  an  order   of  magnitude  than  the  signals  from  the   i  ells 
containing  other  buffer  gases, 

1  possible  explanation  for  the  poor  signal  is  that  the 
atom  is  a  relatively  large  and  therefore  is  easily  deformed  in  a 
collision  with  a  potassium  atom.      The  deformation  results   in  an  inter- 
action with  the  alkali  vapor  atom  which  tends  to  reduce   the  osc  ng 
dipole  moment  of  the  atom.      The  overall  effect  is   to  cause  relaxation  at 
a  rate  so  great  that  the  effectiveness  of  the  pumping  is  reduced 
relatively  small  value.      The  required  population  difference  between  the 
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mp  *  0  states  cannot  be  maintained  because  the  atoms  relax  bac, 

2 
lower  states  almost  as  rapidly  as  they  are  excited,  ~ 

Because  krypton  buffer  as  cells  invariably  give  relatively 
weak  signals,  its  use  in  optically  pumped  gas  cell  systems 
impractical.  For  this  reason,  only  one  krypton  cell  was  measured. 
The  purpose  of  this  measurement  was  solely  to  demonstrate  the  lar 
negative  pressure  shift  characteristic. 

The  cell  containing  argon  at  a  pressure  of  30  mm  of  Kg  al: 
gave  a  very  weak  signal „   The  physical  process  which  produces  this 
effect  is  similar  to  that  in  krypton  in  that  it  is  the  result  of  an 
interaction  between  the  alkali  metal  atom  and  the  buffer  gas  atom 
during  a  collision.  However,  a  distinction  between  the  effects 
the  two  gases  lies  in  the  more  pronounced  effect  due  to  the  larger- 
krypton  atom.   The  weak  signal  from  the  high  pressure  argon  bi 
resulted  from  the  accumulation  of  lesser  interactions  over  a  , 
er  number  of  collisions  due  to  the  greater  pressure.   This 
out  by  the  fact  that  the  signals  from  a  cell  containing  argon  at 
only  10  mm  of  Hg  were  very  strcngo 

3=10,  Utilization  of^Combinations  of  Buffer  Gases, 

A  buffer  gas  with  a  pressure  shift  of  zero  is  very  desj  •  able 
for  use  in  a  gas  cell  frequency  standard  because  the  frequ- 
ion  that  is  indirectly  due  to  changes  of  cell  temperature  is  eliminated,. 
Although  argon  is  very  good  in  this  respect,,  none  of  the  ga 
measured  fulfill  the  requirement  of  zero  pressure  shift.  However^  both 
positive  and  negative  shifts  were  observed  which  raises  the  possibii 
that  combinations  of  buffer  gases  in  proper  proportions  would  give  an 

^Conversation  with  Dr0  A, L, Bloom 
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overall  zero  pressure  shift  characteristic. 

This  technique  has  been  utilized  previously  with 

alkali  metal  vapors  with  considerable  success,,^  ^ -'      I 

one  case  is  recorded  of  a  mixture  of  1$%   Ar  -  2$%   Ne  in  a 

which  gave  no  pressure  shift  for  a  cell  temperature  of  2} C  Hot-. 

at  higher  temperatures ,  the  shift  was  linear  and  negative,, 

-  — 
lower  temperatures s  the  shift  was  linear  and  posit! ve*,-  - 

Measurements  utilizing  mixtures  of  buffer  gases  in  a  K-^- 

cell  were  not  conducted  because  of  the  difficulty  of  making  up 

such  cells  and  the  time  available,, 


36 


U.     Wall-coated  Cslls. 

h-1.       [t  .iization  of  Wall-coatia   Cells „ 

Relaxation  times  are  shortened  most  seriously  by 
^:r  an  alkali  metel  atom  with  the  wall  of  the  cell,   this  beii 
major  cause  of  disorients tionc      This  relaxation  effect 
inhibited  by  coating  the  walls  of  the   cell  with  an  iner 
which  will  not  interact  with  the  excited  alkali  met  .  m0 

The  wall-coated  cell  does  not  reduce  the   number  oJ 
between  one  alkali  metal  atom  and  another „      Theoretical] 
est  lines  should  be  attained  by  utilizing  a  wall-coal 
low  pressure  of  buffer  gas  as  this  combination  of  techn 
suppress  both  of  the   serious  collision  effects c 

Utilization  of  wall=coating  has  been  previously 
Experiments  using  eicosane^   ^20%2^  a  straight 
paraffin,   as  a  wall  coating  have  demonstrated  that  a 
wall  collisions  occur  before  appreciable  disorients 
takes  place o/l-V     Some  effects  which  indicated  a  possib] 
reaction  between   the  rubidium  and  the    eicosane   at  higher 
resulting  in  appreciably  shortened  relaxation  times  were 

Tests  utilizing  a  cell  lined  with  tetracontax 
chain  hydrocarbon  of  chemical  compos   tion  CkqH^ ,,   ft 
because  of  the  experimental  set-up.     A  reservoir  of 
was  exposed  to  collisions  with  the  vapor.      Therefore^    the 
of  the  wall  coating  could  only  be  extrapolated 0      However.,   the 
tion  time  was  increased  by  a  factor  of  12,      This  experimer  '    a] 
utilized  a  wall -coated  cell  in  conjunction  with  neor 
obtain  some  exti  narrow  line  widths  0fc 


'phe  manufacture  of  a  wall-coated  cell  is   a  very  diff 
process.      The  paraffin  is  heated  and  forced  into  the  cell  as  a  vapc 
An  even  coating   is   obtained  by  cooling  the  cell  walls  to  achieve  coi 
densation  over  the  entire  surface „      Repeated  heatings  and  coolings 
may  be  required  to  obtain  a  complete  even  covering.      The  pote? 
is   then  introduced.      The  correct  technique  requires   that  the  potass- 
ium be  deposited  into  the  cell  in  a  single  globule,,      If  the  potassium 
is  heated  too  much  in  the  filling  process,   it  will  vaporize  and  spray 
into   the  cell  condensing  out  in  a  layer  covering  the  entire  wall 
opposite   the  input  tube.     When  this  occurs ,   the  potassium  covering 
on  the  paraffin  completely  cancels  its  effectiveness^   and  the  relax= 
ation  effect  is  increased  to  the  point  where  no  signal  can  be  ^dQ 

li~2„      Results  of  Measurements   Using  Wall -coated  Cel , 

Measurements  were  made  using  txro  cells  coated  with  dotriacont- 
ane,   C-^^aAo     One,   a  2  x  3  inch  cylinder,,  was  newly  prepared  and  the 
other,   a  one  liter  flask,  was  prepared  for  another  experiment  one  year 
agOo      Neither  cell  evidenced  a  significant  pressure  shift  from 
trapolated  zero  pressure  frequency  nor  did  they  show  any  tempera tui 
shifto     A  line  width  as  narrow  as  300  cps  was  observed  with  a  signal- 
to-noise  ratios   indicating  that  the  linewidth  in  the  absence  of 
broadening  effects  of  excessive  radio  frequency  power  and  pumping 
light  intensity  is  probably  considerably  narrower» 

The  wall-coating  when  heated  to  70°G  produces  a  vapor  presses 
of  the  order  of  10~°  mm  of  Hg„  The  straight-chain  hydrocarbons  have 
a  tendency  to  produce  a  relatively  strong  negative  frequency  shift,^^' 
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However,   due  to  the  low  vapor  pressure,   the  measured  frequency  shifl 
was  negligible .     The  effect  was  so  small   that  it  could  not  be  de 
over  the  range  of  operating  temperatures  of  the  equipment      The   transit- 
ion frequencies  of  both  of  the  wall-coated  cells  fell  within  experi- 
mental accuracy  of  the  zero  pressure  hyper  fine  frequency  of  U6i3  71?<>685> 
+  35  cps. 

The  G^p%6  wall  coating  used  has  a  melting  point  of  6k  C,  which 
prohibits  its  use  in  sodium  cells  which  operate  at  temperatures  of  120°C 
This  effect  in  the   case  of  potassium  cells   caused  the  paraffin  tc  melt 
and   ^orm  a  pool  in  the  lower   portion  of  the  cello     Although  not  ob- 
served,  the   liquid  paraffin  could  possibly  obstruct  the  light  beam 
through  the  cello 
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5=      Temperature    Effects, 

5-1.      Cell  Operating   Temperature. 

The   optimum  cell   temperature   is   determined  by  two  factr 

(1)  The   temperature  must  be  high  enough  to  maintain  a 
satisfactory  vapor  pressure  of  the  alkali  metal   for  utilization 
the  atomic  transition  process, 

(2)  The   temperature  of  the  cell  imparts  a  kinetic  energy 
to  the   alkali  metal  atoms.      Excessive  temperature  results  in  in- 
creased velocities  of  the  atoms  with  more  disorientation-producing 
collisions.      There  fore ,   too  high  a  temperature  will  result  in  un- 
acceptable relaxation  effects. 

The  optimum  temperature,,   giving   the  greatest  signal»to~ 

o 

noise  ratio,  was  measured  to  be  70  C.      This  corresponds  to  a 

potassium  vapor  pressure  of  1,6  x  10"°  mm  of  Hg.   i-^kJ      The  operat- 
ing range  of  temperatures  extend  approximately  15°C  on  either  side 
of  the  optimum  temperature j  i.e.,   7Qr    +  l5°C. 
5-2.      Effects  of   Temperature   Variations. 

A  variation  of  the  cell  temperature  will  produce  a  variation 
of  the  gas  pressure  within  the  cell  in  accordance  with  the  relationship; 

P  V  -  R0    T 
where  P       -  gas  pressure  in  new  ton/ meter"5 
V       -  volume  of  cell  in  meter-' 
R0     -  gas   constant 

=  3.317  x  103  joule/kg-mole  °K 
T       -  absolute   temperature  in  °K 
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Temperature  and  pressure   are  not  the  only  variables    . 
above  relationship.     Allowance  must  be  made   for  the   thermal  exp.3 
of  the  cell  dimensions  which  results  in  a  variation  in  volume. 

The  cells  used  in  the  measurements  were  made  of  high  qual 
Corning  77hO  pyrex  which  has  a  linear  thermal  expansion  coefficient  of 
32  x  10"7  parts  per*:.^1^     The  cells  were  in  the    form  of  right  circu 
cylinders  with  outer  diameters  of  two  inches  and  heights  of  three       chi  s. 
The  change  in  volume  of  the   gas  cell  over  the   operating   temp 
ature  range  was  found  as: 

V     =    ^r02  h0     (1  +   .0000032  AT)3 
=     V     (1  +    .0000032    ^T)3 
where     V     =     volume   of  the  cell 
r     =     radius 

h     =     height 

o^ 

A  I     =     temperature   change  in     C 

The  range  of  temperatures  over  which  a  satisfactory  signal 
was  obtained  extended  from  50°C  to  75%   the  upper  limit  being  the 
maximum  temperature   achievable   with  the   experimental  set-up.      Thi 
for  a   temperature    change  from  one  extreme  to  the  otter     (AT  I  G)s 

V/V       =  (loOOOOSOO)3 

=  1.0002140019200512 
Therefore,   the  change  in  volume  due  to  the   extreme   temperature 
tion  is  not  very  significant,   only  2)4  parts  in  10   ,  and  is  considered 
negligible. 
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Thus,   the  relationship  becomes  one  where  the  buffer  gas 
pressure  is  directly  proportional  to  the  absolute  temperature; 

P  =  k'    T 

Utilizing  the  above  relationship,   it  is   found   that  the   temperature 
change  of  25  C  in  the  operating  range  represents  a  pressure  change  of 
8.I/0  of  the  filling  pressure.     Due  to  the  linearity  of  the  above  re= 
lationship,   the   temperature  shift  is  best  expressed  for  each  buffer 
gas  in  the  units  of  cycles  per  second  per  mm  of  Hg  pressure  -  degree 
Centigrade.      The  predicted  values   of  temperature  shift  were   com= 
puted  from  the  values  of  pressure  shift  listed  in  Table  3-1  and 
are  listed  in  Table  5-1, 

Table  5-1 
Predicted  Temperature  Shifts 

Buffer  Gas  Shift  (cps/mm  of  Hg~°C) 
He  0.1U 

H2  0.12 

Ne  0.08 

Ar  0 

Kr  -0.15 

Measurements  of   frequency  versus    temperature   variations  were 
conducted  on  cells  containing  helium  at  k9  mm  of  Hg  and  neon  at  35  mm 
of  Hg   to  verify  the  predictions  of  Table  5-1.      The   results  obtained 
are   listed  in   Table  5-2. 
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Table  $-2a 

Measured  Temperature  Shifts 

Buffer  Gas  Shift  (cps/mm  of  Hg-°C) 

He  O0I6  +  0o10 

We  Oo07  +  0.05 

The  accuracy  of  the   temperature   measurements  was  limit* 
The   thermometer  utilized  had  a  very  slow  response,,      In  additioi 
cell  mount,  which  was  made  of  polyfoam,   caused  consider;    I 
lag  in  the  cell.      It  was  necessary  to  withdraw  the   thermoiroi 
the   cavity  in  order   to  obtain  a  signal  because   the  thermomete:. 
the  cavity  tuning  „      Therefore,   the   temperature  measurement' 
time -consuming  which  made  possible  errors  due  to  temperatui 
For  these  reasons,   a  relatively  large  probable  error  was  as  in 

Table  5>-2„     When  the  probable  errors  were  considered,    t 
temperature   shifts  proved  sufficiently  close  tc  the  predl 
to  support  the  theory  leading  to  the  predicted  values. 

The  pressure  shift  measurements  were   made  at  a  c 
ature  of  67  C„      In  order  to  get  the  correct  buffer  gas  pressui 
the  time  of  measurement,   it  was  necessary   to  compute  the  p: 
crease  from  the  measured  filling  pressure,,      The   tempera tu. 
cell  at  the    time  that  the  pressure   was  measured  at  fill: 
approximately  35  C„      The  above  change  in  temperature  i.c- 
to  a  pressure  increase  of  10.it  per  cents 
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6.     Conclusion. 

6-1 ,      Summary  of  Results. 

(1)  The  frequency  shifts  due  to  the  pressures  of 
gases  v;ere  measured  and  recorded.     The  results  of  these  mea 
are  plotted  in  Fig.   3-9  and   recorded  in  tabular  form  in  Table 
page  33. 

(2)  The  effects  of  temperature  variations  upon  the  transitior 
quency  were  demonstrated  to  be  proportional  to  the  change  in  tern.  <rej 
the  pressure  shift  characteristic  of   the  buffer  gas  and  the  buffer  gas 
pressure. 

(3)  Wall-coated  cells  were  shown  to  be  free  of  ts  cts 
upon  the   transition  frequency.     The  signal-to-noise  ratio 

coated  cell  was  relatively  strong  and  the  line  xd,dth  attaii 
moderately  narrow. 

(h)  The  hyperfine  frequency  of  K       was  measured  to  be  i|6l  8£ 

+  3$  cps.     The  accuracy  obtained  from  the  optical  pumping  tec- 
amounts  to  an  increase  of  three  more  significant  figures  in  the  hyj- 
frequency  than  was  known  previously. 
6-2.     Evaluation  of  Results. 

For  applications  in  frequency  standards^    the  pressure 
generally  objectionable.     Although  the  pressure   shift  affo  ill 

amount  of  flexibility  in  the  selection  of  a  transition  frequency,    it 
makes  the  system  temperature  sensitive  which  lowers  the 
stability.     For  this  reason,,   the  results  of  the  measurements  made 
the  wall-coated  cells  are  very  promising. 
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The  results  of  the  pressure  shift  measure  merits  using  various 
buffer  gases  show  pressure  shifts  can  be  predicted  to  a  reasonable 
accuracy  by  knowledge  of  the  hyperfine  frequency  und^r  study  and   the 
pressure  shifts  for  other  hyperfine  frequencies. 

Of  the  buffer  gases,  argon  stands  out  as  having  an  extremely 
small  pressure  shift.     With  the  exception  of  systems  where  the  long- 
term  stability  requirement  is  greater  than  one  part  in  10   .,   the  use 
of  argon  at  low  pressure   should  prove  quite  satisfactory » 

The  technique  applied  to  measure   the  transition  frequency  by 
counting  a  sub=multiple  demonstrates  flexibility  of  the  optically 
pumped  frequency  standard.     By  proper  selection  of  the  alkali  metal 
vapor  and   the  sub-multiple,   it  is  possible  to  develop  a  system  for 
any  number  of  frequencies,  using  a  crystal  oscillator  and  selected 
multiplier  stages.     The  hyperfine  frequencies  for  a  few  of   the  alkali 
metals  arc  listed  in  the  following  tables 

Table  6-1 
Hyperfine  Frequency 
Alkaii  metal  Hyperfine  frequency 

K^1  25U.018  mcs 

K39  U61.720     '» 

H1  11420.U06     «» 


Na23  1771.626     » 

Rb87  683U.683     » 


Cs 


133  9192.632     » 
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6-3.     Possible  Ap]  locations. 

The  major  limitation  of   the  optically  pumped  gas  cell    I 
quency  standard  system  utilized  in  this  project,,  as  far  as  applications 
in  electronic   systems  requiring  stable  frequency  sources  are  concerned^, 
is  that  the  oscillator  output  frequency  is  frequency  modulate  do      The 
center  frequency  of  the  output  can  be  made  very  stable  but  applications 
for  swept  frequency  outputs  are  very  few.     The   swept  frequency  has 
served  to  provide  the  phase  information  necessary  for  servo  control   of 
the  standard  and  to  raise  the  signal-to-noise  ratio. 

A  system  utilizing  two  absorption  cells  with  slightly  different 
transition  frequencies^  each  with  a  monitoring  solar  cell,,  will  provide  an 
output  characteristic  identical  in  form  to  that  of  the  synchronous  amj 
fier  when  the  solar  cells  are  connected  in  series.      The  direct  current 
output  level  of  each  solar  cell  will  be  dependent  upon  the  signal  gener 
frequency.     The   separation  in  transition  frequencies  of  the  two  absorption 
cells  can  be  attained  through  buffer  gas  pressure  shifts.     Temperati 
shifts  can  be  cancelled  out  by  selection  of  one  buffer  gas  with  a  ne 
pressure  shift  characteristic  and  the  other  with  a  positive  charac;  Lc. 

Coupling  the  outputs  cT  the  solar  cells  to  a  differential  amplifier  would 
cancel  out  all  first  order  effects  due  to  lamp  noise.      Since  the  pha 
information  would  be  present  in  the  output  characteristic 5   the  frequency 
sweep  would  no  longer  be  required. 

A  direct  coupled  amplifier  channel  in  the  above  system  is 
feasible  although  considerable  engineering  would  be  required.     Any  noise 
or  change  in  system  characteristics  would  be  interpreted  as  a  signals     The 
magnitude  of  the  problem  is  foretold  by  the  amount  of  gain  required  in 
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Lifiersj   i.e.,  appro:  i  5      •    ;^0c     However,  by 

light  beam  at  about  20  kcs  and  superimpo  this  signal  oj 

current   signal  as  a  monitor  of  the  amplifier   noise  and  cha: 
a  large  amount  of  the  noise  could  be  cancelled  using  different 
amplifier  techniques. 

The  direct-coupled  system  is  not  the  only  approach 
eliminate    the  need  for  the  swept  frequency.     An  a-c  cou 
would  be  possible  by  utilizing  an  interrupted  signal  at  an 
A  large  magnetic  field  inhomogeniety  in  the  cell  would   ca. 
signal.      Therefore,   one  method  of  obtaining  an  interrupted  s 
be  to  feed  a  coil  near  the  cell  with  a  half-wave  rectified  signale 
6-I4.   Recommendations  for  future  Researe:  , 

In  addition  to  considerations  given  the  possi.  ' 
discussed  in  the  previous  section,   future   studies  of   the 
buffer  gases  upon  the  hyperfine  frequency  of  an  alkali  mat* 
note  carefully  the  results  obtained  from  mixtures  of  two  c. 
buffer  gases. 

Also,   a   study  of  the  improvement   in  signal  obtained  by 
addition  of  a  buffer  gas  to  a  wall-coated  cell  should  prove  11 
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3KEIT-RABI   FORMULA 

The    frequency  dependence  of  the  hyperfine  transitions  upon  the 

magnetic  field  strength  is  given  by  the  3reit-Rabi  formula: 

f(F,m)   =  f/8  -  (  ^1/2 f/)   H  n  +  (f/2^  1  +  mx  +  x2 

where  f  ■  hyperfine  frequency  ■  1*61.7  mes  for  K^° 

■  193.7  cps /gauss 

x  -  (  -  AJ/J  +  Pi  /I)  H 
W 

=  .00606  H 

H  =  ambient  magnc   :  field  in  gauss 

F  =  Hyperfine  quantum  number 

m  =  Zee man  quantum  number 

The  sign  of  the  last  term  is  positive  for  F  =  2  and  negative  for  F 

Substituting  F  =  1,  m  =  0,  and  F  =  2,  m  =  0,  into  the  formula  and 

subtracting,  one  obtains  the  formula  that  relates  the  dependence  < 

field  independent  transition  upon  the  strength  of  the  magnetic 

f '  *=  f  "^  1  +  (.00606  H)2 

Utilizing  the  binominal  series  and  disregarding  all  terms  with 

ponents  of  four  or  greater  as  being  insignificant,  the  formula  bee 

f  -  f  [  1  +  I  (.00606  H)2J 

In  the    case  of  K-",   f  -  1*61.7  mes  and  the  relation  reduces   to: 

f    =  f  +  81*77  H2 
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APPENDIX  II 

REENTKAin  UaVxri  UhSIGN 
A  reentrant  cavity  is   in  the    form  of  a  right  circular  cylin*.. 
with  a   tuning   stub  projected  along  the  axis  of  the   cylinder „      A 
section  of  the    cavity  is   shown  in  Fig.    II-l. 

In  the   figure,   if  the   dimension    S    is  sufficiently  small  to  intro- 
duce an  appreciable  capacitance   at  the  end  of   the   tuning  stub,,   the   re- 
entrant cavity  may  be  considered  as  a  short  length  of  coaxial  line 
is  resonated  by  a  large  lumped  capacitance  at  the  end  of   the  center 
conductor.      This  capacitance  can  be  calculated  from  the  gap  sp 
and  area  as: 

G  «  0.225    ll*  f/  |       pf 
where   the  dimensions     P     and    £     are  given  in  inches „ 
Utilizing  the   formulas  for  the  inductance  per  unit  length  of  coax 
line  and  the  capacitance  per  unit  length  between  conductors,   the 

formula  for  the  resonant  wavelength  in  terms  of  the   cavity  dimensic 

3 
is  found  to  ber 

!4 


A.  =   aw(-bA/nf)' 


The  above  formula  neglects  the  additional  capacity  due  to  fring- 
ing effects  at  the  end  of  the  tuning  stub  and  must  be  multiplied 
factor  of  the  order  of  1.25  to  1.75  in  order  to  obtain  the  true 
wavelength. 


-^T.  Moreno,  Microwave  Transmission  Design  Data,  Dover  Publications 
Inc.,  19U8.  pp.  227-229. 

\ 
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The  dimensions  of  the   cavity  used  in  the  pressure  shift 
measurements  were  : 

7     ■     7-" 

f;  =  3/U" 
P   =  6  15/16" 
£  ■  variable  from  0  to  3" 
These  dimensions  produced  a  resonant  range  from  29h   to  U°0  mcs0 
The  materials  used  in  the  construction  of  the  cavity  were: 

(1)  20  guage  sheet  copper  for  the  wall 

(2)  copper  laminate  sheets  backed  by  3/U"  plywood  for  the  ends. 
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Figure  11-1.   Gross  Section  of  Reentrant  Cavity 
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^i.^ix  in 

FREQUENCY  CORRECTION  FOR  AMBIENT  MAGNETIC  FIELD  STRENGTH 

The  strength  of  the  ambient  magnetic  field  was  determined  by 
utilization  of  the  gas  cell  magnetometer  principle.   The  frequency  of 
the  transition  between  Zeeman  sublevels  is  directly  proportional  to  the 
strength  of  the  ambient  magnetic  field  and  is  given  below? 

(I)         fz  =  700  H   kcs 

where   fz  =  Zeeman  transition  frequency  in  kcs 
H   =  magnetic  field  strength  in  gauss 
The  transition  frequency  was  determined  by  superimposing  a  radio  fre- 
quency field  whose  frequency  was  varied  tbout  350  kcs  until  a  signal 
was  obtained  by  the  optical  pumping  technique.  By  this  technique,  the 
transition  frequency  was  measured  to  be  357.1  kcs  with  a  line  width  of 
approximately  3  kcs„ 

From  formula  (I) : 

H  =  0.5l  gauss 

Substituting  this  value  of  H  into  the  Breit-Rabi  formula: 

f  =  8U77     H2 
=  2205  +     3  cps 
To  obtain   the   zero  field  hyper fine   frequency,    the  above 
correction  was  subtracted  from  measured  values  of  hyper  fine  frequencies. 
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F   =  2 


£>  F    =  1 


P  =  1 


Figure   1-1  •      Energy  Level   Diagram  of  4Sj,  around   State   of  K 
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figure  5-1.   Sketch  of  Cavity  and  Optical  Arrangement 
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r'igure  5-2„   Proposed  Measurement  Technique  Using  Two 
Detection  Channels 
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Figure  5-5o   Proposed  Measurement  Technique  Using  Sideband 
Calibration 
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Figure  5-4.   Proposed  Measurement  Tecnnique  Using  Direct 
Measurement 
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Figure  3-8„   Output  Signal  of  Synchronous  Amplifier 
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figure  5-9.   Bui'l'er  Gas  Pressure  Shifts  in  K 
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